A theoretical and experimental study of in-rack fire plumes in a combustible rack storage is presented. The commodity used in the experiments consisted of multiple-wall corrugated paper cartons equally separated in a steel rack, two cartons wide, two cartons deep and four cartons high. Free-bum tests were carried out mostly in reduced scale with verification in full scale. The centreline in-rack gas temperatures and velocities were measured at four elevations inside the rack storage and the heat release rate was measured above the rack storage with a hood system. In-rack temperatures and velocities are plotted using theoretically obtained quasi-steady correlations assuming a point source of buoyancy at floor level and entrainment only in the vertical flues. The theoretical correlations include convective heat release rate, vertical flue width and height above the floor. Temperatures for both reduced scale and full scale correlate reasonably well with the theoretically obtained relationships which have the same functional form as convective plume flow above a linear fire source (line plume). In order to obtain similar correspondance for the velocity in the two scales it was necessary to use Froude number scaling with storage height as length scale.
The storage arrangement is found to be important for the initial flame spread and fire growth rate. The reduced scale study shows that the initial fire growth rate decreases with increasing vertical gaps (flues) and that the vertical and lateral flame spread rate increase when the lateral flue height increases. For the initial in-rack fire growth rate, the convective heat release rate was found to be better described by an exponential function rather than a power-law dependence on time to the third power.
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INTRODUCTION
Fire growth rate and flame propagation are dependent on how the burning material is stored. In rack storage fires this becomes extremely important as the upward flame propagation is usually very rapid. The vertical shafts, or flues, created between adjacent pallets of stored goods tend to work as chimneys and enhance acceleration of flames up to the ceiling. Rack storage fire protection usually consists of in-rack sprinklers which are placed at different elevations in the vertical flues or on the faces of the rack storage. The efficiency of such protection depends on the geometry of the stored goods, their height, the flue dimensions and intervals of occurrence as well as the flammability of the stored goods. The delay prior to in-rack sprinkler actuation is extremely important as this may be critical for control of the fire. To calculate the response time, a knowledge of the flow conditions at the sprinkler is necessary. A theoretical model which can predict these flow conditions is therefore of interest.
Previous work [1, 2] on in-rack plume flow in a two dimensional (2D) non-combustible rack storage indicates that the width of the vertical flue is the governing geometric parameter for the in-rack plume flow. Further, variation of the horizontal flue heights was found to have negligible effects on the in-rack plume flow. No consideration was given to the problem of heat transfer from the flame to the surrounding walls which is of importance for flame spread studies. Foley and Drysdale [3] , however, recently published a thorough study of this problem where they used a similar configuration. They showed that as the separation between the walls is reduced the heat flux to the walls increases.
Thomas [4] studied some large scale fire test performed in the United Kingdom and found some evidence that the width of the vertical flue affects speed of flame spread. He suggested there is a gap size with a highest spread rate but clearly three dimensional features of the flow are involved too. A number of large scale tests have been carried out by various fire laboratories for the purpose of studying the behaviour of sprinkler systems in controlling rack storage fires [5- [5] presented an empirical fire growth rate correlation as a power-law dependence on time to the third power for 2,3,4 and 5 tier rack storage fires. The initial fire growth rate was found to be invariant with number of tiers. Variations or effects of different flue separations was not studied.
To date no systematic investigation of the influence of gap size on fire growth rate has been undertaken. A systematic variation in vertical and lateral gap sizes was carried out in the present study. Similarly no theoretical model has previously been available to predict the flow conditions in a three dimensional (3D) rack storage configuration. Such a model is presented and compared to the experimental results.
THEORETICAL ASPECTS
An exploratory model for a non-reacting turbulent in-rack plume is outlined here. In rack storage fires, air is entrained into the in-rack fire plume mainly through vertical flues but also through horizontal flues. However, to be able to find a simple theoretical solution we assume in the first approximation that no air is entrained through the horizontal flues. Thus, the rack storage configuration can be simplified from figure 1 a) to the configuration shown in figures lb) and lc). The following assumptions have been made: -plume buoyancy stems from a point; -the air entrainment velocity at the edge of the in-rack plume is proportional to the local vertical velocity, u;
-no air is assumed to be entrained through the horizontal flues;
-the shape of the in-rack plume cross-section is assumed to be the same at all heights, see figures I b) and I c);
-u and p have top hat profiles; no horizontal pressure variation exists between the in-rack plume and the surrounding air;
-the ambient air is of uniform temperature;
-the flue gases have the same molecular weight as air;
-no heat losses occur to the surrounding walls; and -the drag exerted by the cartons is neglected.
In-rack fire plume The equations for the conservation of continuity, momentum and energy are therefore:
In these equations z is the height above the floor, A is the mean in-rack plume area, a is the entrainment coefficient at the edge of the in-rack plume, w is the vertical flue width, u is the mean in-rack velocity, p is the mean in-rack density (essentially air), Cp is the specific heat of the in-rack plume and Q, is the instantaneous convective heat release rate. An interesting observation is that these equations are similar to those for fires with a linear buoyancy source, see Lee and Emmons [12] . To solve eqns (1)- (3) we introduce the mass flux: m = puA and the momentum flux: f = p u 2~ as two new variables. Substituting these new variables into eqns (1)- (3) yields:
(Po -PI Q, = mCpTo -P Rearrangement and integration of these equations yields the desired relationship:
In order to obtain a simplified functional relationship for further analysis the integration constant C has to be equal to zero. We substitute m = puA and f = p u 2~ into eqn (7) which gives the inrack velocity:
Integration of eqn (4) By substituting eqn (9) into eqn (6) and making use of the ideal gas law relationship
The functional relationship for the in-rack velocity and in-rack temperature can now be used to plot the experimental data.
EXPERIMENTS
A series of model scale tests was carried out followed by one full scale test. The fuel array consisted of four equally separated cartons at each tier. The commodity was piled up to four levels, or tiers, with equal heights of the horizontal flues between every consecutive tiers. Geometrically, the commodity used in the model scale was approximately 113 of the full scale commodity. Both commodities were made of combined corrugated paper cartons and paper sheets and differed only in type and size.
Model scale test:
The experiments were carried out under a calorimeter consisting of an exhaust duct and a hood which is located above the fire [13] . The calorimeter had the capacity to measure up to about 2 MW. The hood size was 3 m x 3 m with the lowest point 2.5 m from floor. Both the convective and chemical heat release rates were measured. The convective heat release rate was obtained by measuring the temperature and mass flow rate in the exhaust duct and the chemical heat release rate by measuring the oxygen depletion at the same location. The commodity consisted of 3.7 mm thick single wall corrugated paper cartons folded inside with four layers of 6.5 mm thick single wall corrugated paper sheets on each side of the carton. The total thickness of each side was thus 29.7 mm. The sheets and the paper carton were mounted on a supporting rectangular box made of 9 mm thick rigid Navilite insulation boards. The outer dimensions of each carton were 0.39 m x 0.39 m with a height of 0.305 m and the moisture content was 9 % by weight. A total of 16 cartons were used in each test. Four separated vertical steel rods were used to support the cartons. On each steel rod four cartons were centrally mounted and secured in position. Cone Calorimeter [13] results of the material used are presented in [14] . The average value of the effective heat of combustion AHc was 13.35 MJIkg. For comparison, Tewarson [15] has presented a value of AHc = 14.2 MJkg for corrugated paper cartons arranged in three dimensional, one or two tier rack storage. The time to ignition was measured in the cone calorimeter at irradiance of 25 kWIm2 and 35 kWIm2. The measured ignition times were 20 seconds and 9 seconds, respectively.
The vertical flue width, w, was varied as follows: w=50 mm, 75 mm and 100 mm. For w=50 mm the height, h, of the horizontal flue was varied as follows: h=50 mm, 75 mm and 100 mm. For w=75 mm and 100 mm h was kept constant at 50 mm. The total stack height H varied depending on h : H=1.42 m for h=50 mm, 1.52 m for h=75 m and 1.62 m for h=100 mm. One test was carried out by blocking the lowest horizontal flue (w=50 mm and h=50 mm).
At the lowest tier, four ignition sources were symmetrically mounted at the bottom of each carton as close as possible to centre flue space of the fuel array. The ignition source consisted of a 12 mm thick insulating fibre board measuring 17 mm x 17 mm, soaked with 2.8 ml heptane and wrapped in a polyethylene bag. The mean flame height of the ignition source was about 0.25 m measured from the bottom of the carton. This height corresponds to 83 % of the carton height. One test was carried out with a 24 mm thick ignition source measuring 25 mm x 30 mm, soaked with 12 ml heptane (w=50 mm and h=50 mm).
Centreline Instruments: The in-rack temperatures were measured with welded thermocouples of type K (Chromel-Alumel) with a wire diameter of 0.25 mm. The in-rack velocity was measured with bi-directional probes (D=16 mm and L=32 mm) [16] located at same elevation as the thermocouples. The thermocouples were attached to each bi-directional probes close to the sensor head. No correction due to radiation effects on the temperature measurements was carried out in this study. The velocity was corrected for variation in the Reynolds number according to calibration curves reported in [16] . A more thorough description of the test set-up is given in [14] . The data was recorded by a data acquisition system every second in the full scale test and every 1.7 seconds in the small scale tests.
DATA ANALYSIS AND RESULTS
In this study, only the initial fire growth period is considered. This period is defined here as the time from ignition until the flames starts to spread upwards on the face of the rack storage. Following the procedure of Yu and Kung [6] for growing rack storage fires, a rolling timeaveraging process was applied to all temperature, velocity and heat release rate measurements in order to smooth out fluctuations due to turbulence. The averaging period was 10 seconds. Thus each measurement was averaged using different numbers of data points before and after the point of interest. The time averaged results followed the trends of the unprocessed data very well.
All data points measured prior to the incipient time of fire growth, to, were disregarded in the data analysis and in plot of the data. The time to was defined here as the time when the convective heat release rate started to increase notably in size. This time was obtained by investigating the measured convective heat release rates and by observing the initial flame heights from video recordings. The time to agreed well with the time when the mean flame height of the ignition source just started to increase in size.
Fire growth rate: Yu and Stavrianidis [5] found that the convective heat release rate correlates with a power-law dependence on time to the third power for rack storage fires. This function worked well for the initial fire growth rate period, i.e., convective heat release rates up to 800 kW per tier which corresponds to 3200 kW for the 4 tier full scale test presented here. After studying a number of full scale tests, Thomas [4] described the fire growth rate of rack storage fires with line ignition by an exponential function, Q = e3"2T , where 7 equal to 10 -15 seconds was found plausible.
Comparison between measured net convective heat release rate and datafits using power law correlation [6] and an exponential correlation [4] .
In figure 2 , comparison of the measured net convective heat release rate, AQ, = Q,-Q,o, is made with heat release rate correlations given in ref. [ 4 ] and [ 5 ] . Q,,o is the convective heat release rate at to. The measured AQ, is shown as a function of the time, At=t-to. The fire growth rate coefficient in Yu and Stavriandidis [ 5 ] correlation for 4 tier high rack storage is 0.179 and thus the net convective heat release rate AQC=0.179At3. An exponential curve fit was made to the measured net convective heat release rate in the full scale test; AQ,=2.27e(o.102At). This correlation follows the measured AQ, remarkably well up to about 3000 kW. Yu's and Stavriandidis [S] correlation follows the slope of the measured AQ, very well but the initial time appears to be quite different. This is probably due to differences in the determination of to. However, since we are primary interested in the in-rack fire plume flow in order to predict the activation time of in-rack sprinklers, we need a correlation which describes the fire growth rate from the time the flames start to accelerate upward from the ignition source. An interesting observation is that z here is found to be 3/(2*0.102)=14.7 seconds which is in good agreement with Thomas [4] prediction of z equal to 10-15 seconds.
The measured convective heat release rates, Q,, for both small scale and full scale tests are plotted in figure 3 . Apparently there is a turning point in the fire growth rate at = 200 kW in the model scale tests. For Q,<200 kW, increase of the vertical flue width w tends to delay the fire growth rate whereas variation of the horizontal flue height h appear to affect the fire growth rate slightly. However, for Qc>200 kW, smaller w tends to retard the fire growth rate whereas larger h tends to proceed with a similar fire growth rate. In general, a large w and a small h appears to give slower initial fire growth rates and flame spread rates.
A test with w=50 mm and h=50 mm using large ignition source and a test with same dimensions using a blockage at the lowest horizontal flue, were also carried out. The large ignition source influenced the initial fire growth rate considerably (faster initial fire growth) but it did not affect the slope of the curve. A blockage of the lowest horizontal flue did not have any affects on the fire growth rate. To investigate the reproducibility, two replicates with w=75 rnrn and h=50 mm were performed. The results were found to be nearly identical.
Estimations of times from video recordings of flame spread are presented in Table 1 . Apparently the incipient time, to, is directly related to variation in w. Clearly h influence the average vertical luminous flame height speed, u5 considerably. Further, in figure 3 , it was observed that Q, was slightly affected by variation in h. The average upward flame speed, ufi in the full scale test agree with the upward flame speed derived by Thomas 141, i.e., uf=0.1 m/s. Thomas [4] value is based on a number of full scale tests. It is evident from the model scale tests, however, that ufvaries considerably with w and h. There is some inconsistency in the data in Table 1 . The behavior of the fire growth rate with h and the observed flame height appear inconsistent. Furthermore, Figure 3 shows that the fire with h=100 mm develops slightly slower than the fires with h=50 mm and 75 mm. Further analysis of the data is necessary. As the flames spread upwards, they start to spread horizontally through the lateral flues. The time for the flames to reach to the face of the rack storage, th, is given in Table 1 . It is apparent that the lateral flame spread is dependent on variation in w . It takes longer timer to reach to the face of the rack storage with increasing w . However, an increase in h appears to shorten this time. The flames usually reached first to the rack storage face in the flue between tiers 3 and 4 in the model scale tests whereas for the full scale test this occurred between tiers 2 and 3. Finally, times until the rack storage is entirely engulfed with flames on the outside are given. Apparently it too follows the trend of th.
Centreline in-rack temperature: To investigate the validity of the theoretical obtained correlations, the experimental data at tiers 2, 3 and 4 have been plotted on a log-log graph. The experimental data obtained at the lowest tier was disregarded here as it did not fit very well to the obtained correlation. The reason for this is probably that the combustion zone is initially at the lowest tier and the plume flow and Q, are not fully developed at this height. This behaviour was observed in the 2D rack storage presented in ref. [2] . Based on eqn (10) the in-rack temperature should correlate as:
In the log-log graph, the data fall into a single curve for both scales but there is some scatter in the data. By introducing a virtual source height, zo, preliminary calculations show that a plot of AT as a function of (z-zo)3n/(Qc/,) in a log-log graph will fall onto a line with a slope of -213.
The preliminary calculations indicate that zo is usually above the floor level and increase in height with increasing Q,.
Centreline in-rack velocity : Based on eqn (8) the measured in-rack velocity at tiers 2, 3 and 4 has been plotted according to the following relationship: model w=50 mm, h=50, 75 and 100 rnm model w=75 mm, h=50 mm 111odel w=l00 tnm, h=50 tnm full scale w=150 mm, h=300 mm In order to obtain similar correspondance for the velocity in the two scales it was necessary to use Froude number scaling with storage height, H, as a length scale. This does not comply with the results of a line plume model which indicates constant velocity independent of height z.
Thus, there appears to be a height dependence of the velocity which in turn indicate that there may be other sets of correlations which could be used to plot the data (e.g. axisymmetric correlations).
Here we define the Froude number as:
Using eqns (1 1) -(13) we obtain:
In the log-log graph, the data fall into a single curve for both scales but the scatter in the data is considerable. The experimental data obtained at the first tier did not fit to the obtained correlation.
model w=50 mm, h=50, 75 and 100 mm model w=75 mm; h=50 mm model w=100 mm, h=50 mm full scale w=150 mm. h=300 mm FIGURE 5. In-rack centreline velocity plotted as afunction of (Q,/W)'/~/H~/~ at tiers 2, 3 and 4.
CONCLUSIONS
A theoretical and experimental study of in-rack fire plumes in a combustible rack storage is presented. Free-bum tests were carried out mostly in reduced scale with verification in full scale. The centreline in-rack gas temperatures and velocities were measured at four elevations inside the rack storage. In-rack temperatures and velocities are plotted using theoretically obtained quasi-steady correlations assuming a point source of buoyancy at floor level and entrainment only in the vertical flues. The theoretical correlations include convective heat release rate, vertical flue width and height above floor. Temperatures and velocities for both reduced scale and full scale correlate reasonably well with the theoretically obtained relationships which have the same functional form as convective plume flow above a linear fire source. In order to obtain similar correspondance for the velocity in the two scales it was necessary to use Froude number scaling with storage height as length scale. This does not comply with the results of a linear plume model which indicates constant velocity independent of elevation height.
For the initial in-rack fire growth rate, the convective heat release rate was found to be better described by an exponential rather than power-law dependence on time to third power. The reduced scale study shows that the initial fire growth rate is decreased when vertical gaps (flues) increase in size. Furthermore, for a given vertical gap size both the vertical and lateral flame spread rate increase when the lateral flue height increases. Despite the complexity of rack storage fires, a way to provide necessary flow data to calculate response times of in-rack sprinklers is demonstrated. The model can be easily extended to include flame heights correlations as well.
